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A B S T R A C T
Within the so-called bioliq® process, renewable carbon resources, especially agricultural residues, are converted
to gasoline. The process chain comprises pyrolysis of the feedstocks, gasification to synthesis gas, gas cleaning
and conversion of synthesis gas to dimethyl ether (DME) followed by conversion of DME to hydrocarbons.
Construction of all process units has been completed now and the entire plant has been successfully operated in
several campaigns. Thus, hundreds of liters of a new alternative gasoline are available now, which allow for an
extensive testing. The basic characteristics of the resulting bioliq®/100 fuel are described. It is rich in aromatics
and a blend consisting of 90 Vol. % of conventional RON95 E5 fuel and 10 Vol. % of bioliq®/100, designated
as bioliq®/10, has been produced which meets the DIN EN 228 standard. Initial measurements on a single
cylinder research engine have been carried out focusing on efficiency and emissions. A comparison of bioliq®/10
with neat RON95 E5 revealed an improved knocking behavior of bioliq®/10 even by a small fraction of re-
generative bioliq® fuel. Particle as well as hydrocarbon emissions from bioliq®/10 are significantly higher than
in the case of RON95 E5. Increased particle emissions are attributed to the higher content of aromatics. Soot
reactivity has been investigated and soot from bioliq®/10 exhibits higher reactivity than soot from RON95 E5.
1. Introduction
With the indispensable demand for CO2 neutral mobility, the de
velopment of greenhouse gas neutral fuels is required in addition to the
establishment of an electric vehicle fleet. Both strategies are needed to
achieve the national climate targets and climate targets of the European
Union. The main target is a reduction of greenhouse gases from an
thropogenic sources by 40% until 2030, compared to 1990, and the
long term plan is a reduction of greenhouse gases by 80 95% until
2050 [1,2].
In addition to the limitation of greenhouse gas emissions, increas
ingly strict exhaust gas emission standards are being adopted. With the
EURO 6b standard, for gasoline engines, not only gaseous emissions like
carbon monoxide (CO), hydrocarbons (HC) and nitrogen oxides (NOx)
are regulated but also particulate matter (PM). Thus, the particle
number (PN) is restricted to 6 × 1011 #/cm3 because of the proven
health impacts of such particles [3 5]. Restriction of the PN forces the
manufacturers to equip gasoline engines, especially engines with direct
injection (DI) [6], with gasoline particle filters (GPF) [7]. In this
context, new fuels which enable clean combustion with significantly
reduced particle emissions are likewise desirable. In addition, a facile
regeneration of the GPF should be possible even in the case of low soot
loads. Thus, the soot filtered by the GPF should exhibit a high reactivity
to prevent overheating of the GPF and a high exhaust back pressure of
the engine.
Regarding the development of new CO2 neutral fuels, major chal
lenges are the availability of renewable feedstocks, sustainable pro
duction and sufficient performance. The latter criterion strongly de
pends on physical chemical and combustion properties. For instance,
heating values should be high to minimize fuel consumption and high
research octane numbers (RON) are needed to guarantee high knocking
resistance and durability of the engines. Regarding the former criteria,
two main approaches for the sustainable synthesis of hydrocarbon fuels
are currently explored. On the one hand, strategies for the valorization
of CO2, e.g. by reduction with hydrogen, are investigated and on the
other hand strategies for converting renewable biomass to fuels are
further developed [8]. A prominent example for the latter pathway is
the generation of synthesis gas from biomass, e.g. agricultural residues.
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In the next step, synthesis gas can be further processed to a series of
valuable fuels such as hydrocarbons via the Fischer Tropsch reaction or
methanol and methanol based fuels [9]. Another option, which is de
scribed here, is the direct synthesis of dimethyl ether (DME) from
synthesis gas followed by DME conversion to hydrocarbons [10]. The
procedure is closely related to methanol based processes, especially
Methanol To Gasoline (MTG) processes, and feasibility has been de
monstrated in several studies which are summarized in [11]. However,
demonstration of the entire process chain from feedstocks to fuels and
significantly above laboratory scale is still fragmentary and recent
progress in this field, including engine tests, is presented here.
Within this work, a blend of customary RON95 E5 fuel with a new
fuel produced from regenerative biomass has been investigated. The
fuel is a product of the bioliq® process which is operated at the
Karlsruhe Institute of Technology (KIT). The process and the basic
characteristics of the resulting bioliq®/100 fuel are described. The
blend comprises 90 Vol.−% RON95 E5 and 10 Vol.−% bioliq®/100,
hereinafter referred to as bioliq®/10. It meets the DIN EN 228 standard
and can be tested directly, i.e. without significant modification of the
test engine. Thus, initial measurements on a single cylinder research
engine have been carried out focusing on knock limit, thermodynamic
parameters (i.e. start of combustion), particle size distribution (PSD)
and total particle number concentration (TPNC), soot reactivity and
hydrocarbon (HC) emissions.
Major objectives of this study are
− to give a compact overview of the key features of the bioliq® pro
cess, to determine basic properties of both, the pure bioliq® fuel and
a blend with conventional gasoline,
− and to identify important combustion characteristics.
Thus, a comprehensive evaluation is envisaged considering fuel
production as well as fuel performance.
2. Fuel production and properties
2.1. The bioliq® process
The intention of the bioliq® process is the conversion of residual
biomass to high quality gasoline. The bioliq® pilot plant at KIT was
constructed between 2005 and 2013 and initial operation of the entire
process chain was launched in 2014 [12 14]. The bioliq® process
comprises four steps (Fig. 1). Straw is used as starting material. In the
first step, the energy density of the biomass is increased by fast pyr
olysis [15 17]. Thereby, a liquid intermediate fuel, called biosyn
crude®, is formed. The biosyncrude® is then processed into a mixture of
CO and H2 (synthesis gas) with a low methane content and free of tar,
employing high pressure entrained flow gasification [18 20]. Subse
quently, acidic gases and impurities are removed from the hot syngas in
a cleaning step. Particulates are removed in a ceramic hot gas filter unit.
A two stage fixed bed sorption retains acidic gases like HCl, H2S, COS
and alkali. Mineral sorbents and a catalytic converter decompose am
monia, HCN, and organic trace compounds. The process chain is com
pleted by single stage DME synthesis [21 23], followed by conversion
to gasoline in a DME To Gasoline (DTG) process [24 26].
A flow diagram of the bioliq® process steps IIIb and IV is shown in
Fig. 2. The synthesis gas is directly converted to DME (process step IIIb)
and for this purpose, the CO:H2 ratio is adjusted to 1:1 employing the
water gas shift reaction and CO2 absorption. Then, the raw product
stream from the DME reactor is converted to gasoline via the DTG re
action (process step IV). The resulting product spectrum comprises light
hydrocarbons, a mixture of paraffinic, olefinic, naphthenic and aro
matic hydrocarbons in the boiling range of gasoline and water as by
product. After gasoline synthesis, water and light hydrocarbons are
separated from the raw gasoline product, which is subsequently trans
ferred to a rectification column and purified by distillation. Regarding
the scale of fuel production, the pyrolysis step is designed for an input
of about 500 kg/h of air dried biomass. From the gasifier, 700 Nm3/h
are separated from the raw gas stream resulting in a nominal capacity of
the synthesis plant of about 100 L gasoline/h.
2.2. Fuel characteristics
The bio based gasoline from the bioliq® plant (bioliq® campaign
November 2017) was taken from the middle of a rectification column
(Fig. 2) and is called bioliq®/100 in the following. Analysis of the
bioliq®/100 gasoline was carried out via gas chromatography according
to the ASTM D6730 01 (2016) standard. The product spectrum exhibits
a high content of C7 to C10 aromatics wherein C8 aromatics are dom
inating (Fig. 3).
The distillation curve of the bioliq®/100 gasoline (Fig. 4) reveals a
fraction of high boiling components (about 5 Vol.−% in addition to
evaporation residue). In order to remove this fraction, bioliq®/100 was
distilled batchwise on laboratory scale up to a temperature of 210 °C, at
atmospheric pressure. A residue amounting to 5 Vol.−% remained as
the bottom product and some of the light hydrocarbons (<C6) were
discharged. The mass fractions of the compound classes with a content
above 1 wt.−% are shown in Fig. 3. Regarding oxygenates, only me
thanol could be detected in the raw gasoline. The content is around 2%
and it is completely removed after distillation. It can be seen that C9
aromatics have been partially removed while C10 and higher compo
nents have been completely removed. The resulting hydrocarbon mix
ture contains about 75 wt.−% of aromatics.
This mixture is completely miscible with conventional RON95 E5
gasoline up to a proportion of 10 Vol.−%. Analogous blends
(10 Vol.−% distilled bioliq®/100 + 90 Vol.−% RON95 E5, called
bioliq®/10 in the following) have been investigated within this work, in
comparison with commercial RON95 E5 gasoline. Fig. 4 shows the
distillation curves of RON95 E5 and the corresponding bioliq®/10 ga
soline. The curves are nearly identical, except for the low boiling area,
where the curve of bioliq®/10 is slightly below the curve of RON95 E5
and in the middle temperature range, where it is slightly above. For
comparison, the distillation curve of bioliq®/100 is also shown.
Table 1 shows that the bioliq®/10 is within the relevant criteria of
Fig. 1. Conversion steps in the bioliq® process.
the DIN EN 228 standard for automotive fuels. Its molecular composi
tion is in good accordance with conventional RON95 E5 gasoline. The
density at 15 °C is in the range of requirements of the DIN EN 228
standard and the lower heating value does not differ from the reference
gasoline. Likewise, the high aromatics content of the bioliq®/10 gaso
line does not exceed the maximum value of the DIN EN 228 [28]
standard.
3. Experimental setup
The experimental setup is subdivided into two parts, the used
measurement devices and the engine setup, which are described sepa
rately in the following.
3.1. Measurement setup
The engine is equipped with two piezo resistive low pressure sen
sors (4045 and 4075) at the inlet and outlet as well as a high pressure
sensor (6054AR) from Kistler for recording the thermodynamic mea
surement variables. The in cylinder pressure is recorded by a data ac
quisition system (DEWETRON DEWE800). Depending on the crank
angle encoder, the measurement frequency is 0.1° crank angle (CA).
The inflowing air mass is measured by a mass air flow meter from
Sensycon. For measuring the fuel consumption (in kg × h−1), a Krohne
MFM7050 Coriolis flow meter is used. The air fuel ratio (AF) is
























































































Fig. 3. Composition of bioliq®/100 gasoline and the corresponding laboratory
distillate, measured according to ASTM D6730-01 (2016). Only compound
classes with a content above 1 wt. % are shown.
Fig. 4. Distillation curves of RON95 E5, bioliq®/10 and bioliq®/100 according
to [27].
determined by two lambda sensors and lambda meters (ETAS LA4). The
sampled exhaust gas is led to an AVL AMA4000 flame ionization de
tector (FID) via a heated sample line and measurements are carried out
standalone for hydrocarbons (HC) using C3H8 for calibration of the FID.
Additionally to the gaseous HC emissions the total particle number
concentration (TPNC), the particle size distribution (PSD) and the soot
reactivity is determined. The TPNC and the PSD is measured by a Model
3090 Engine Exhaust Particle Sizer (EEPS) from TSI. This sizer has a
measurement range of particle diameters from 5.6 to 560 nm at 32
classes. The sampled aerosol is charged by a unipolar charger and led
with sheath air to the electrometer column, which is shown in the right
picture of Fig. 5. At the outer part of the device, 22 electrometers de
termine the impaction of particles. The ‘electrical mobility’ diameter of
the particles is determined by the position of the particles hitting the
electrometer. This position depends on the charge of the particles. The
electrometers measure the charge transferred by the particles to count
the particles. The measured PSD is then converted by a so called in
version matrix. In this publication the ‘soot’ matrix, presented in [29],
for non spherical particles is used as recommended by [30]. The mea
surement setup for the PSD, TPNC, and gaseous emissions is shown in
the left picture of Fig. 5. To sample the aerosol from the exhaust pipe, a
borehole probe with a sampling pipe of approximately 0.4 m length is
used. The probe is positioned 0.5 m after a reservoir. The pipe is con
nected to the first dilution by a Matter Engineering MDE19 E rotation
disk diluter [31]. The dilution factor and the temperature of the dilu
tion head are set to 16.5 and 120 °C, respectively. Through a 3 m un
heated sample line the aerosol is led to an evaporation tube with diluter
[31]. In this tube the aerosol is heated up to 300 °C and then diluted
with a dilution factor of 6.3. The heating reduces the nucleation process
and growth of volatile substances during the second dilution [32]. By
multiplying the first dilution factor of the rotation disk diluter (16.5) by
the second dilution (6.3), the total dilution factor is 104.
To determine the soot reactivity, a partial flow dilution tunnel
(PFDT), Control Sistem ‘Particulate Sampling System’ PSS 20 from
Control Sistem, which is shown in Fig. 6, is used [34]. The soot is
sampled via a borehole probe, which is positioned approximately 0.3 m
behind the EEPS. According to [35,36] and due to the short time span
from the EEPS to the PSS 20, a change in particle morphology and
chemical composition is negligible. The aerosol is then led by an ap
proximately 0.5 m sample pipe to the PFDT in which it is diluted with
filtered air and a dilution factor of 5 to prevent condensation. The
temperature at the quartz fiber filters in the filter holder is set to 48 °C
and controlled by heating the diluting air.
Before loading, the quartz fiber filters are conditioned for 24 h at
500 °C, so that volatile water and HC residues are reduced.
Subsequently, the filters are loaded at the engine test bed. For the
thermogravimetric analysis (TGA), the filters are preconditioned for
30 min at 150 °C. Then, a small amount of the filter is placed in a vessel
on a high precision scale. TGA measurements are carried out from 50 °C
to 849 °C employing a heating rate of 5 °C min−1. A gas mixture of 95%
N2 and 5% O2 is used. For evaluation, the temperature of the maximum
weight loss rate Tmax is usually used. Under the described conditions,
the measurement uncertainty of Tmax is 5 °C.
3.2. Engine setup
The used engine is a single cylinder research engine in a size typi
cally employed in passenger cars. The main technical specifications are
listed in Table 2.
The spark plug and the injector are placed in longitudinal direction
to the camshafts between the inlet and outlet valves. A Bosch HDEV 5
injector with a six hole nozzle is used. The injector is mounted centrally
in the cylinder.
A constant engine speed of 2000 min−1 is set for all experiments. In
order to test the behavior with respect to thermodynamic parameters,
gaseous emissions and particles of the alternative fuel, a start of in
jection (SOI) variation with an indicated mean effective pressure
(IMEP) of 0.5 MPa and 0.8 MPa is performed. The AF of 14.3 (air fuel
equivalence ratio of 1) is the same for both fuels. An inlet temperature
of 47 °C is set. The ignition angle is set to 22 °CAbTDCf and
16.5 °CAbTDCf for an IMEP of 0.5 MPa and 0.8 MPa, respectively. A
variation of the SOI is performed between 330 °CAbTDCf and
230 °CAbTDCf. The rail pressure is set to 20 MPa. At the 0.5 MPa IMEP
measuring point with an SOI at 330 °CAbTDCf, samples for the in
vestigation of soot reactivity are taken.
In order to compare the knocking behavior of the fuels, the
Table 1
Comparison of the fuel characteristics of RON95 E5 and bioliq®/10.
Property RON95 E5 bioliq®/10 DIN EN 228
Molecular formula C6.8H13.0O0.13 C6.9H12.8O0.11 –
Density at 15 °C/kg∗m 3 740.6 747.0 720–775
Vapor pressure (DVPE)/kPa 63.8 74.1 60–90
Lower heating value/MJ∗kg 1 42.39 42.39 –
RON 95.6 96.4 min. 95
MON 85.5 85.5 min. 85
Air demand/kg∗kg 1 14.29 14.29 –
Aromatics content/Vol. % 28.9 33.0 max. 35
Benzene/Vol. % 0.92 0.95 1.0
Toluene/Vol. % 7.1 7.8 –
Ethylbenzene/Vol. % 1.6 1.5 –
p-Xylene/Vol. % 1.9 2.1 –
m-Xylene/Vol. % 3.8 4.8 –
o-Xylene/Vol. % 2.0 2.4 –
iso-Propylbenzene/Vol. % 0.2 0.2 –
n-Propylbenzene/Vol. % 0.4 0.4 –
1,3- & 1,4-Ethylmethylbenzene/Vol. % 2.1 2.4 –
1,2-Ethylmethylbenzene/Vol. % 0.5 0.6 –
1,3,5-Trimethylbenzene/Vol. % 0.7 0.9 –
1,2,4-Trimethylbenzene/Vol. % 2.5 3.1 –
1,2,3-Trimethylbenzene/Vol. % 0.5 0.8 –
Sum C8 aromatics/Vol. % 9.3 10.9 –
Sum C9 aromatics/Vol. % 6.9 8.4 –
Sum C10 or higher aromatics/Vol. % 4.8 5.0 –
Methyl tertiary-butyl ether < 0.1 < 0.1 22.0
Ethanol 4.8 4.5 10
Mannesmann VDO AG method [37] from the DEWETRON is used. The
criterion for the knock limit is set to a value of 1.3 according to the
above method. The experiments are performed at naturally aspirated
full load conditions at an IMEP between 0.93 MPa and 0.94 MPa. To
enhance knocking, the inlet temperature is increased to 80 °C. The SOI
is set to 300 °CAbTDCf. The ignition angle is varied in 0.75 °CA steps in
early direction until the knock limit criterion of 1.3 is reached.
Fig. 5. Left: Schematic engine test bed setup for measuring PNC, TPNC, and HC (inspired by [33]). DF is the dilution factor and T the temperature. Right: Schematic
structure of the TSI EEPS (Model 3090) [30].
Fig. 6. Schematic setup of the PSS-20 partial flow dilution tunnel [34]. The quartz fiber filters are placed in the filter holder on the right (sampling system).
4. Results and discussion
The study focuses on thermodynamics as well as exhaust gas com
position. The former topic comprises knocking, flame development
angle and rapid burn angle while the latter topic addresses particle and
hydrocarbon emissions as well as soot reactivity.
4.1. Thermodynamics
For each in cylinder pressure of 200 consecutive cycles and the first
law of thermodynamics, the heat release analysis according to
Heywood [38] is performed. Regarding thermodynamic efficiency, an
ideal center of combustion (COC) is crucial. It describes the crank angle
value, at which 50% of the heat was released. This value can be ad
justed by the ignition timing but is restricted by knocking. Thus, the
knocking characteristics of the fuels are investigated in the beginning.
The inflammation properties are described by the flame development
angle (FDA). This angle is calculated by the difference between the start
of combustion (at a cumulative heat release of 10%) and the ignition
timing. Another significant contribution to thermodynamic efficiency is
attributed to the rapid burn angle (RBA). This angle is the subtract
between the angle at a cumulative heat release of 90% and the angle at
the combustion start. The deviation from an infinitely fast combustion
also reduces efficiency. This issue is considered below in the second
part of the thermodynamics chapter. SI engines are subjected to high
cyclic variations caused by various effects like in cylinder flow and
mixture differences [39,40]. To determine the characteristic combus
tion units explained above, an averaged cycle of 200 measured cycle is
used. The variation of these units is gaussian distributed [41,42]. The
combustion stability is described with the coefficient of variation of the
IMEP (COVIMEP), which is defined by the ratio of the standard deviation
to the mean.
4.1.1. Knocking and efficiency
Fig. 7 shows the average of 200 in cylinder pressure cycles in the
upper and the heat release rate in the lower graph. The in cylinder
pressure of both fuels are shown with their envelopes (black and red
shaded area). On the cumulative heat release curve, the COCs and their
error bars, which indicate the standard deviation of the angle, are
shown. Both curves are measured at the knock limit value of 1.3. The
adjustment of the ignition angle at earlier spark timing is enabled by the
higher research octane number of the bioliq®/10 fuel compared to the
RON95 E5 fuel. An improvement of the ignition timing of 1.5 °CA, from
14.5 °CAbTDCf with the conventional RON95 E5 fuel to 16 °CAbTDCf
with the bioliq®/10 fuel, can be observed. This results in an earlier and
higher maximum of in cylinder pressure of 4.9 MPa at 18 °CAaTDCf in
the case of bioliq®/10 compared to 4.5 MPa at 21 °CAaTDCf in the case
of RON95 E5. Another effect is the improved center of combustion from
15.8 ± 2.1°CAaTDCf to 12.8 ± 1.8°CAaTDCf with the bioliq®/10.
The IMEP increases from 0.93 MPa to 0.94 MPa. For both fuels a
COVIMEP of 0.01 was calculated. Therefore, the indicated power Pi can
be calculated by Eq. (1)
= ∗ ∗ ∗P i n IMEP Vi H (1)
The factor i indicates the number of ignitions per rotation. For a
four stroke engine i= 0.5. The factor n is the engine speed and VH is the
displacement. The fuel mass flow of approximately 2.2 kg × h−1 is, due
to the same lower heating value, identical for both fuels. This means,
that the supplied heat is the same for both fuels. With the constant
engine speed of 2000 min−1, the constant displacement of 498 cc, and
the same supplied heat, the differential indicated efficiency Δηi can be
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As a result, the indicated efficiency increases about 1.1% in favor of
bioliq®/10, based on reproducible measurements. The uncertainty of
the differential indicated efficiency can be described by the COVIMEP
and uncertainties in the engine speed. With eq. (3), the difference in the
indicated power can be calculated.
= ∗ ∗ ∗ ∗P i n IMEP COV VΔ i IEMP H (3)
To calculate the measurement uncertainty of the differntial in
dicated efficiency, Eq. (3) can be integrated in Eq. (2). Due to the di
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With a COVIMEP of 0.01 for both fuels, the relative uncertainty of the
differential indicated efficiency is 2%. Therefore, the differential in
dicated efficiency is calculated to 1.1% ± 0.022%.
The difference in engine speed was approx. 1 min−1. At 2000
min−1, the error is only 0.000005% and is therefore negligible.
By adding the bioliq® fuel to the RON95 E5, the ethanol content
decreases by 0.3 Vol.−%. Due to the high octane number of 105 from
ethanol [43], this would lead to a decrease in the bioliq®/10 blend's
octane number. On the other hand, the decrease of the lower heating
value by ethanol (26.9 MJ/kg [44]) is smaller in the bioliq®/10 blend
due to the lower volumetric content of ethanol.
The bioliq®/10 blend has a higher content of aromatics. In parti








Inlet valve spread/°CAbTDC 115
Outlet valve spread/°CAbTDC 100
Inlet/outlet valve lift/mm 8
Injection system Centrally mounted DI
Rail pressure/MPa 20
Fig. 7. In-cylinder pressure (upper graph) and integral of heat release rate
(lower graph) at the knock limit at naturally aspirated full load and an inlet
temperature of 80 °C of bioliq®/10 (black) and standard RON95 E5 (red). The
upper graph shows the envelops of the two pressure curves. In the lower graph,
both COC points with their standard deviation are additionally shown. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
LHV: 42.92 MJ/kg), o xylene (RON: 120, LHV: 41.25 MJ/kg) and 1,2,4
trimethylbenzene (RON: 109.5, LHV: 40) [45 47]. All aromatics have a
higher RON than the ethanol. This fact in combination with the in
creased content of these aromatics leads to an increase of the RON by
0.8 in the bioliq®/10 blend. Furthermore, most of these components
have a smaller lower heating value than 42.39 MJ/kg. For this reason,
there is a balance between the gain in lower heating value due to less
ethanol, and the loss in lower heating value due to the aromatics.
Due to the identical lower heating values of the fuels, which means
identical fuel consumption at same engine operation modes, and the
improved ignition timing of bioliq®/10, which leads to an optimized
COC, the thermal efficiency of bioliq®/10 is higher compared to RON95
E5. It has to be kept in mind, that this efficiency improvement is only
relevant at high loads or in the case of knocking.
In summary, the higher aromatics content in the bioliq®/10 blend
leads to an increase in RON of 0.8, which improves the knocking be
havior. This was measured under full load lambda 1 condition. With
bioliq®/10, the IMEP was increased by 0.01 MPa. Considering this in
crease, and the COVIMEP, an efficiency improvement of
1.1% ± 0.022% was calculated.
4.1.2. Characteristic combustion units
A rapid heat release rate calculation is used for the following
comparison of the flame development angle, the center of combustion,
the rapid burn angle and the combustion stability (COVIMEP). The cal
culation of each operation point is based on the mean value of 200 cy
cles. The ignition timing is kept constant during the variation of the
injection timing. The graphs in Fig. 8 show the results of the analysis for
an IMEP of 0.8 MPa. Error bars are indicating the standard deviation of
the combustion units. The standard deviations of the combustion units
calculated from the pressure signals are in the range between 1 °CA and
3 °CA. This is due to the common variation of the combustion in SI
engines. The mean value of these 200 cycles is reproducible. Therefore,
it is possible to find trends, which are within the values of the standard
deviation.
The flame development angle of both fuels is on the same level and
varies from 16 to 22 °CA as a result of the SOI variation. At an earlier
injection timing than 310 °CAbTDCf, bioliq®/10 shows an equal rapid
burn angle as RON95 E5. An early start of injection reduces the flame
development angle to the minimum of 17.5 °CA for the bioliq®/10. This
reduction for both fuels can be explained by an interaction of the spray
with the hot piston that helps to evaporate the fuel and a better mixture
preparation, as an earlier SOI leaves more time for the mixing of air and
fuel [48]. Due to the piston wetting, particle and HC emissions are also
higher at these operating points.
The COC of the RON95 E5 is retarded from 13 to 17 °CAaTDCf for
an SOI from 330 to 310 °CAbTDCf. In this area, bioliq®/10 shows a
faster combustion with a 0.5 °CA earlier COC. Considering the standard
deviation of the measurements, this reduction of COC is negligible.
From 310 to 260 °CAbTDCf both fuels show the same COC at around
16 °CAaTDCf, considering the standard deviation, which is between
2.3 °CA and 4.1 °CA.
The rapid burn angle shows a difference for both fuels during the
injection timing variation. bioliq® exhibits a constantly faster combus
tion in its second half (50 to 90% heat release point). Fig. 8 shows a
smaller average rapid burn angle of 1.2 °CA for a constant ignition
timing and a constant COC between 310 and 260 °CAbTDCf. The cyclic
variations are at their minimum with a COV of 1% of the indicated
mean effective pressure at an SOI at 330 °CAbTDCf. A shift of the in
jection to later timings decreases the combustion stability to 3.5%
COVIMEP. The exhaust valve is closed at 335 °CAbTDCf, which excludes
fuel losses that might occur at an early SOI by scavenging unburned fuel
into the exhaust system. For a later fuel injection than 260 °CAbTDCf,
the cyclic variations of the IMEP are increasing up to 4%, due to the
poor mixture preparation. This COV of 4% is comparable to the COVs of
DISI engines in the literature [49]. The RON95 E5 shows a better be
havior in these poor conditions with a 1 °CA earlier COC. The IMEP is
decreasing almost linearly for later injection timings. At an SOI of
230 °CAbTDCf the remaining pressure is 95% of the maximum value.
The losses can be explained by higher HC emissions (Fig. 14), increased
combustion instability and a slower combustion.
The SOI variation at 0.5 MPa IMEP shows constant torque values for
later fuel injections than 300 °CAbTDCf. The combustion stability and
the emission of hydrocarbons are also stable for both fuels, contrary to
the 0.8 MPa operation points. The IMEP is increasing for earlier in
jection timings (330 °CAbTDCf). The tendency for the earlier end of
combustion of bioliq®/10 at 0.8 MPa can be confirmed by the lower
load points.
In summary, the heat release behavior of both fuels is nearly equal.
The flame development angle and the center of combustion have si
milar values with both tested fuels. Only at the second half of the
combustion, the bioliq®/10 blend shows an approximately 1.2 °CA
shorter rapid burn angle. Due to the same in cylinder flow conditions,
the difference could be due to potentially different laminar burn velo
cities, which have not yet been investigated. This influence has to be
researched further.
4.2. Particles and HC concentration
In addition to the thermodynamic properties emissions have also
been investigated in detail. In the following, particle emissions, soot
reactivity and HC emissions are discussed.
4.2.1. Particles
The TPNC of standard RON95 E5 and bioliq®/10 during a variation
of SOI at an IMEP of 0.5 MPa is shown in Fig. 9. The error bars represent
the standard deviations from the averaged 1 Hz measurements. This
deviation is for all measurement points in the range between 1 ∗ 105
Fig. 8. Rapid burn angle (top), flame development angle (middle) and center of
combustion (below) at 2000 min−1 with an engine load of 0.8 MPa and an
ignition timing of 16.5 °CAbTDCf by a variation of SOI. The lowest graph shows
the COV of the IMEP.
#/cm3 to 2 ∗ 105 #/cm3 with both fuels. The wetting of the piston at
the earliest SOI at 330 °CAbTDCf results in a local maximum of TPNC of
8.5 ∗ 105 #/cm3 and 4.0 ∗ 105 #/cm3 for the bioliq®/10 and the RON95
E5 respectively.
Both fuels show a global minimum at an SOI at 320 °CAbTDCf with
TPNCs of 4.4 ∗ 105 #/cm3 and 2.6 ∗ 105 #/cm3, respectively.
Afterwards, an increase in TPNC until an SOI of 280 °CAbTDCf to
260 °CAbTDCf is observed. The increase and the plateau afterwards are
formed by liner and intake valve impingement like it is shown in
[33,50,51]. The local maximum of TPNC is different with the maximum
valve lift at 245 °CAbTDCf. This is due to the difference of the SOI
electrical signal and the injection flow, and the penetration velocity of
the spray. In addition [52] showed, that the liner impingement is
probably due to unfavorable flow conditions.
Subsequently, the TPNC monotonously increases to its maximum of
1.45 ∗ 106 #/cm3 and 6.1 ∗ 105 #/cm3, respectively at the shortest
mixed formation time at an SOI at 230 °CAbTDCf. According to [33],
the engine has a low charge movement, which makes the time for
mixture formation more important.
It is noticeable that bioliq®/10 produces remarkably more particles
compared to RON95 E5. Several studies revealed a correlation between
the distillation curve in combination with aromatics and the particle
emission [53,54]. This combination is the most likely effect of the
stronger increase in TPNC of bioliq®/10 at later SOIs compared to
RON95 E5. The higher evaporation temperature in the range of
30% 80% of the distillation curve and the aromatics ≥C9 of bioliq®/10
leads also to the increased and faster particle growing.
In Fig. 10 a PSD comparison of the two fuels, at two different SOI's,
at an engine load of 0.5 MPa is shown with a logarithmic x axis. Each
marker indicates one size class of the EEPS. In this figure, the error bars
indicate the standard deviation of the measurements. Especially for
particles smaller than 20 nm the deviation is high. This can be ex
plained by the relatively small number of these particles, which is close
to the detection limit (red line) of EEPS in this diameter range. The
upper graph shows the PSD at 330 °CAbTDCf and the lower graph at
320 °CAbTDCf. At the earlier SOI, the bioliq®/10 shows a higher PNC of
6.3 ∗ 104 #/cm3 in its accumulation mode (electrical mobility dia
meter> 23 nm) at the 52.3 nm class. In comparison to this, the RON95
E5 shows a lower PNC of 2.6 ∗ 104 #/cm3 at a smaller particle size class
of 39.2 nm. With the later SOI at 320 °CAbTDCf the particle size class of
maximum PNC of the bioliq®/10 remains the same, but the PNC is re
duced to 2.8 ∗ 104 #/cm3.
Especially the high peak at the 10.8 nm class with a PNC of 4.4 ∗ 104
#/cm3 is noticeable for an increase in nucleation mode (electrical
mobility diameter< 23 nm). Considering the standard deviation for
particles below 23 nm, no difference between the two fuels can be
found. Only the accumulation mode particle class of the RON95 E5
decreases to a diameter of 25.5 nm with a lower PNC of 1.6 ∗ 104
#/cm3. According to [55], the PSD tends to have larger particles under
pool fire conditions. By changing the SOI from 330 °CAbTDCf to
320 °CAbTDCf, the pool fire is reduced. Therefore, the PNC in the larger
accumulation mode decreases. References [56,57] show, that higher
aromatics promote the formation of polycyclic aromatic hydrocarbons
(PAH) during combustion. These PAHs are precursors for soot forma
tion. As mentioned before, the higher content of C 9, and larger, aro
matics of bioliq®/10 leads to an increased and faster particle growing.
Thus, the PNC and electrical mobility diameter at PNC peak of the
accumulation mode increases. In addition to this, the evaporation curve
is slightly higher for the bioliq®/10.
In summary, it is possible that the higher aromatics content in the
fuel and the higher evaporation temperatures in the 30% to 80% range
result in an increase of TPNC and PNC in nucleation and accumulation
mode [58].
The TPNC as a function of SOI at an IMEP of 0.8 MPa is shown in
Fig. 9. Total particle number concentration as a function of SOI at an engine
speed of 2000 min−1 and an IMEP of 0.5 MPa. The error bars show the standard
deviation of the measurement.
Fig. 10. Particle size distribution at an engine speed of 2000 min−1 and an
IMEP of 0.5 MPa. The upper graph shows the PSD at an SOI at 330 °CAbTDCf.
The lower graph shows the PSD at an SOI at 320 °CAbTDCf. Additionally, the
detection limit of the EEPS is displayed (red line). The error bars show the
standard deviation of the measurement. The vertical blue dotted line indicates
the separation of the nucleation and accumulation mode. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Fig. 11. Total particle number concentration as a function of SOI at an engine
speed of 2000 min−1 and an IMEP of 0.8 MPa. The error bars show the standard
deviation of the measurement.
Fig. 11. The TPNC reaches its global maximum at the earliest
330 °CAbTDCf SOI in the case of both fuels. These high TPNCs are
caused by piston impingement. As in the case of measurements with an
IMEP of 0.5 MPa, the TPNC of bioliq®/10 (7.8 ∗ 106 #/cm3) is higher
than the TPNC of RON95 E5 (3.3 ∗ 106 #/cm3). This higher TPNC of
bioliq®/10 results from the higher content of heavier aromatics. These
heavier aromatics have an increased evaporation temperature. There
fore, the diffusion flame, which leads to increased particle forming, is
more pronounced.
With respect to the measurement uncertainty, a saddle point, which
forms the global minimum, between an SOI at 320 and 310 °CAbTDCf
(RON95 E5) and until 290 °CAbTDCf (bioliq®/10) can be observed.
Thereafter, a monotonous increase in TPNC with later injection is ob
served for bioliq®/10. This trend is different from the plateau of RON95
E5. In the range between an SOI of 300 °CAbTDCf to 250 °CAbTDCf the
effect of liner and intake valve spray interaction is the main reason for
both trends. The higher evaporation temperature in case of bioliq®/10
leads to a more pronounced diffusion flame.
After an SOI of 250 °CAbTDCf, the time for mixture formation is too
short. Therefore, inhomogeneities in the charge causes the increasing
TPNC. In all measurements the standard deviation is in the range of
1.4 ∗ 105 #/cm3 to 3.7 ∗ 105 #/cm3 with RON95 E5 and 1.8 ∗ 105
#/cm3 to 8.0 ∗ 105 #/cm3 with the bioliq®/10 blend.
The basic behavior of PSD at the 0.8 MPa measuring point (Fig. 12)
is similar to that at the lower engine load of 0.5 MPa (Fig. 10). Also in
this figure the x axis is logarithmic, the error bars show the standard
deviation of the measurement, the red line is the detection limit of the
EEPS and the vertical blue dotted line is the 23 nm separation between
nucleation and accumulation mode.
At the early SOI at 330 °CAbTDCf (upper graph) bioliq®/10 exhibits
a maximum of the PNC at the 80.6 nm particle diameter class while
RON95 E5 exhibits a maximum at the 69.8 nm class. The size classes are
next to each other. Therefore, it is difficult to differentiate between the
two particle sizes. This is due to the possibility of the real particle size of
approx. 75 nm. These particles can be measured in both classes. Thus no
influence of the particle electrical mobility diameter of the fuel can be
measured.
However, the PNC peak in the accumulation mode of bioliq®/10 is
2.5 times higher than the PNC of RON95 E5, which is at 2.0 ∗ 105
#/cm3. Because of the high PNC, the measurements have a high re
produciblity and a relatively small standard deviation. By changing the
SOI by 10 °CA towards late, the particle diameters in the accumulation
mode decrease to 60.4 nm for bioliq®/10 and 45.3 nm for RON95 E5.
Furthermore, a decrease of PNC at peak to 1.1 ∗ 105 #/cm3 (bioliq®/10)
and 3.8 ∗ 104 #/cm3 (RON95 E5) can be observed.
An increase of the small 10.8 nm class is also observed. However,
considering the standard deviation at small particles in the range of
10 nm, no difference between RON95 E5 and bioliq®/10 at these
electrical mobility diameters can be measured. The change in electrical
mobility diameter at PNC peak and the lower PNC peak can be ex
plained by the reduction of pool fire again. Due to the distillation curve
characteristic of bioliq®/10, the effect of pool fire should be more
dominant compared to RON95 E5. Therefore, at the 320 °CAbTDCf a
higher PNC at the larger accumulation mode is measured.
In summary, bioliq®/10 shows an increased particle formation at
the investigated engine loads. Its behavior at different SOIs differ
entiates only slightly from the standard RON95 E5 fuel. The higher
particle emissions may be due to the higher aromatics content, espe
cially of the C9+ aromatics [59,60], and the slightly higher evaporation
curve of bioliq®/10 [61,62]. By optimizing the SOI, the TPNC can be
reduced as shown in Figs. 9 and 11 for the bioliq®/10 fuel. However,
even at its best point and, when considering the TPNC, and by con
sidering the standard deviation, the bioliq®/10 blend produces twice as
much particles.
The PSD difference of both fuels is more critical with regard to GPFs.
Their filtration efficiency depends strongly on the PSD of the aerosol,
which enters into the system. In the case of small particle diameters
until approximately 20 nm, this efficiency is very high. Several studies
reveal a reduction of filtration efficiency in the range of 20 nm to
400 nm [63 65]. The bioliq®/10 PSD has its diameter at peak values
(52.3 nm to 80.6 nm) in this range. The bioliq®/10 exhibits diameters in
this range, which are more counterproductive to the filtration efficiency
of current GPFs than the PSD of the conventional RON95 E5.
4.2.2. Reactivity of soot
The regeneration properties of GPFs as well as diesel particulate
filters are strongly influenced by the reactivity of soot [66]. As an in
dicator for the reactivity of soot the shape of the derivate mass reduc
tion over the temperature and especially the temperature at the max
imum gradient of mass reduction (Tmax) is used [67].
This derivate mass reduction over temperature function is shown in
Fig. 13 at the 0.5 MPa measuring point and an SOI at 330 °CAbTDCf.
Both fuels show a global maximum at a temperature of about 170 °C. At
this temperature no reaction of soot is expected according to different
publications [67,68]. Furthermore, a post connected FTIR did not show
a release of CO2 or CO. It is therefore likely, that this peak is due to the
release of PAHs or volatile particles.
At a temperature of 340 °C, for both soots a shoulder emerges.
Regarding RON95 E5, this shoulder is significantly broader compared
to bioliq®/10. The shape of the curves between 300 °C and 660 °C is
very different and the curve of RON95 E5 shows a more bi modal
characteristic than the curve of bioliq®/10. Considering the PSD at this
operation point, there seems to be two kinds of soot for RON95 E5, one
with very small particles and one with larger particles. This results in a
wider shape of the curve in the specified temperature range due to
superimposition of two peaks [69,70]. According to [71 73], the higher
surface volume ratio of smaller particles results in an oxidation at lower
temperatures. Therefore, the shoulder in the case of RON95 E5 is most
probably caused by the small 10 nm particles. Similarly, the small
Fig. 12. Particle size distribution at an engine speed of 2000 min−1 and an
IMEP of 0.8 MPa. The upper graph shows the PSD at an SOI at 330 °CAbTDCf.
The lower graph shows the PSD at an SOI at 320 °CAbTDCf. Additionally, the
detection limit of the EEPS is displayed (red line). The error bars show the
standard deviation of the measurement. The vertical blue dotted line indicates
the separation of the nucleation and accumulation mode. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
shoulder at 450 °C in the case of bioliq®/10 can be assigned to the small
particles with a diameter around 19.1 nm. With respect to the ratio of
the maximum PNC, this peak is less significant compared to the cor
responding peak of RON95 E5. It is therefore less pronounced.
The Tmax for both fuels are different, also considering the mea
surement uncertainty of± 5 °C. In the case of bioliq®/10 Tmax is 506 °C
and thus, soot reactivity is higher than in the case of RON95 E5, with a
Tmax of 530 °C. Accordingly, the larger particles in the case of bioliq®/
10 exhibit a better reactivity, which is in contrast to the better surface
volume ratio of the smaller particles of RON95 E5. A reason for this
behavior could be a different particle morphology. Another possible
explanation is the difference in the initial fuel identity as described by
[74]. Additionally, ref. [75] mentioned a dependence of the soot re
activity on the aromatics content.
In summary, soot reactivity in the case of bioliq®/10 is, despite of
the larger peak diameter, slightly higher than in the case of RON95 E5
which is beneficial for the regeneration of particulate filter systems in
the exhaust gas after treatment. Especially the bi and nearly mono
modal trends of PSDs, of RON95 E5 and bioliq®/10, are visible in the
results of the TGA (shown in Fig. 10). The mono modal trend of bioliq®/
10 indicates the formation of particles of a preferred species. Therefore,
a sharp peak with only a slightly pronounced shoulder is visible. On the
other hand, the bi modal trend of RON95 E5 points to several particle
types. These manifests themselves in a significantly broader distribution
of the oxidation process. The temperature range of the reactivity is in
good agreement with [76].
4.2.3. Hydrocarbons
Hydrocarbons (HC) are considered to be particularly harmful. To
investigate HC emissions, engine runs at an engine speed of 2000
min−1 and an IMEP of 0.5 MPa and 0.8 MPa have been carried out.
In Fig. 14 HC concentrations at the 0.5 MPa measuring point as a
function of SOI are shown. The error bars are indicating the measure
ment inaccuracy of the FID. This measurement inaccuracy depends on
the measured HC concentration. It is in the range between 16 ppm and
27 ppm for both fuels.
As for particle emissions, bioliq®/10 shows a higher HC con
centration than RON95 E5. The maximum concentration is for both
fuels at the earliest SOI at 330 °CAbTDCf. At this operation point, the
HC concentration of bioliq®/10 is 880 ppm, about 200 ppm higher
compared to RON95 E5. The reason is the strong piston impingement in
combination with the more favorable distillation curve of RON95 E5.
After that, the HC concentration decreases until an SOI of
300 °CAbTDCf. Considering the measurement uncertainty of approxi
mately 18 ppm, the lowest HC concentrations are at an SOI of
300 °CAbTDCf and 250 °CAbTDCf. The later SOI reduces the piston
impingement, which is more favorable for the HC emissions as well.
The HC concentration of RON95 E5 is 574 ppm±17 ppm. With the
bioliq®/10 blend, this concentration is only slightly higher
(616 ppm ± 19 ppm). This difference may be due to the more fa
vorable distillation curve of RON95 E5 and the higher aromatics con
tent of bioliq®/10 [77,78].
Between 300 °CAbTDCf and 270 °CAbTDCf the liner impingement
results in an increasing HC emission [50]. Due to the maximum lift of
the intake valve at 245 °CAbTDCf and the difference between SOI signal
and the injection flow, and the propagation velocity of the spray, there
is a possibility of a combination on liner and intake valve impingement,
described above. This leads to an increase in HC emissions to its max
imum at 280 °CAbTDCf and 270 °CAbTDCf with bioliq®/10 blend and
RON95 E5. The higher HC emission of the bioliq®/blend is thus due to
its distillation curve and the aromatics. The second minimum is created
due to the less significant intake valve spray interaction. Afterwards,
the HC emission increases due to the shortened mixture formation.
The HC concentration at nearly full engine load, i.e. at an ambient
air aspirated engine mode with an IMEP of 0.8 MPa, is shown in Fig. 15.
Due to the lower HC emissions, the measurement inaccuracy is with
16 ppm to 25 ppm smaller. As in the case of an IMEP of 0.5 MPa
(Fig. 14), the fuels perform similarly in case of the higher HC con
centration with bioliq®/10.
For an SOI at 330 °CAbTDCf, local maxima of HC concentration of
710 ppm and 580 ppm are observed with bioliq®/10 and RON95 E5,
Fig. 13. TGA of soot residues obtained at an engine speed of 2000 min−1, an
IMEP of 0.5 MPa and an SOI at 330 °CAbTDCf.
Fig. 14. HC concentration at an engine speed of 2000 min−1, an IMEP of
0.5 MPa and a rail pressure of 20 MPa. The error bars indicate the measurement
inaccuracy of the FID used.
Fig. 15. HC concentration at an engine speed of 2000 min−1, an IMEP of
0.8 MPa and a rail pressure of 20 MPa. The error bars indicate the measurement
inaccuracy of the FID used.
respectively. This is also due to the effect of piston impingement. In
comparison to the 0.5 MPa load, the HC concentration is approx. be
tween 150 ppm and 200 ppm lower. This is due to the higher in cy
linder pressure, which reduces the propagation velocity of the spray,
and the hotter piston [50], which increases the fuel evaporation. Here
again, the distillation curve of the fuel is the most probable reason for
the difference between RON95 E5 and bioliq®/10. The HC concentra
tion of both fuels decreases until an SOI at 310 °CAbTDCf.
After that, the HC concentration increases, due to the liner im
pingement, until an SOI of 270 °CAbTDCf (RON95 E5) and
280 °CAbTDCf (bioliq®/10), respectively. Thereafter, the curves of both
fuels exhibit a plateau until an SOI of 250 °CAbTDCf. Like before at the
0.5 MPa load point, this plateau is probably created by the liner and
intake valve spray interaction. This interaction is reduced with later
SOI's, which leads to this plateau. In this area the difference between
the bioliq®/10 and RON95 E5 is especially large. This difference might
be caused by an higher impingement of the liner and the intake valve.
One reason is again the distillation behavior according to distillation
curve, which leads to a higher spray penetration.
In comparison to the overall trend of this increase and plateau in HC
emission with the 0.5 MPa engine load, the second minimum is missing.
One of the most probable reasons is the absence of the ‘flash boiling
effect’ [79,80]. At the lower engine load the in cylinder pressure at SOI
is in the range of 50 kPa, which is lower than the vapor pressure of both
fuels. The in cylinder pressure at the 0.8 MPa load is with 90 kPa higher
and above the vapor pressure of both fuels. Therefore, this effect is not
expected at this engine load. However, further studies on spray for
mation still need to be done to investigate these effects in more in de
tail. By shifting the SOI to later timings the HC concentration increases
slightly. The different distillation curves could be a promising starting
point for further investigations and development of the fuel [56].
As stated above, the HC concentration in the case of bioliq®/10 is
under all conditions higher than in the case of RON95 E5. According to
the literature, this cannot be explained by an increased aromatics
content of bioliq®/10. The main reason for higher HC emissions is
probably the distillation curve of bioliq®/10 at somewhat higher tem
peratures. This theory is encouraged by a stronger dependency of the
emissions by spray component interactions. However, with an opti
mized SOI it is possible to achieve HC concentrations for the bioliq®
fuel, which are similar to those of RON95 E5.
5. Conclusion
The bioliq® process comprises the entire process chain from re
newable feedstocks to the production of hydrocarbons. The core tech
nologies are fast pyrolysis of biomass, gasification of the resulting
pyrolysate, cleaning of the obtained synthesis gas, conversion to DME
and, finally, DME conversion to gasoline type hydrocarbons. The liquid
product is fractionated by rectification resulting in a mixture with an
aromatics content of about 75 wt.−%.
The mixture has been blended with conventional RON95 E5 gaso
line and a content of 10 Vol.−% of bioliq® gasoline has been adjusted.
The blend (bioliq®/10) meets the DIN EN 228 standard for automotive
fuels and its combustion properties have been investigated in terms of
efficiency and emissions. A comparison of bioliq®/10 with neat RON95
E5 revealed an improved knocking behavior of bioliq®/10 and thus, a
higher efficiency. Particle as well as hydrocarbon emissions in the case
of bioliq®/10 are significantly higher than for RON95 E5. Increased
particle emissions are attributed to the higher content of aromatics.
Particle and hydrocarbon emissions can be reduced by control of the
engine parameters, especially by optimizing the SOI. Regarding soot
reactivity, soot from bioliq®/10 exhibits higher reactivity than that
from RON95 E5.
Current work concentrates on the fuel production with a reduced
content of aromatics, e.g. by tuning rectification and/or chemical up
grading. Regarding the latter strategy, several procedures are
considered such as hydrogenation, hydrodealkylation, isomerization or
combinations thereof. These procedures must be technically adapted to
the products of the bioliq® process, considering the investment and
operating costs of a later process. Another option is an improved fuel
production with a high selectivity for the desired components. To rea
lize this, not only highly optimized reaction conditions are needed but
also highly efficient catalysts which lead directly to well suited fuels.
Major objective is the direct synthesis of an optimized fuel which meets
the current standards and allows for high CO2 savings either by high
blending ratios or, ideally, by use of the pure fuel.
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